To develop an efficient method for the production of urocanic acid, optimal conditions for the production of microbial L-histidine ammonia lyase and for the conversion of L-histidine to urocanic acid by this enzyme were studied. A number of microorganisms were screened to test their ability to form and accumulate urocanic acid from L-histidine. Achromobacter liquidum was selected as the best organism. With this organism, enzyme activity as high as 2.0 units/ml could be produced by a shaking culture at 30 C in a medium containing glucose, urea, potassium phosphate, L-histidine, yeast extract, peptone, and inorganic salts. Appropriate addition of a surface-active agent to the reaction mixture shortened the time required for the conversion. A large amount of L-histidine was converted stoichiometrically to urocanic acid in 48 h at 40 C. Accumulated urocanic acid was readily isolated in pure form by ordinary procedures with isoelectric precipitation. Yields of isolated urocanic acid of over 92% from L-histidine were easily attainable. When the culture of Achromobacter liquidum was added to DL-histidine, D-histidine and urocanic acid were simultaneously obtained in high yields.
L-Histidine ammonia lyase, which converts L-histidine to urocanic acid, is widely distributed in bacteria such as Pseudomonas fluorescens (4, 8, 20, 21) , P. aeruginosa (11) , P. testosteroni (A. K. Soutar and H. Hassall, Biochem J. 114:79P-80P, 1969), P. putida (6, 7) , Aerobacter aerogenes (9, 13) , Bacillus subtilis (2, 5) , B. cereus (19) , Mycobacterium avium (22) , Salmonella typhimurium (12) , Serratia marcescens (13) , and Vibrio cholerae (10) . The enzyme occurs also in the liver (1), blood serum (14) , and stratum corneum (24) of higher animals and in plants such as spinach and sunflowers (18) .
There is only one report on the application of this enzyme in P. fluorescens ATCC 11299b (16) for the biochemical preparation of urocanic acid.
In this paper we present an efficient industrial method of production of urocanic acid, a chemical used as a sun-screening agent in the pharmaceutical and cosmetics fields.
MATERIALS AND METHODS
Organisms. Screening tests were performed on 106 strains of bacteria, all from the collection in this laboratory. Achromobacter liquidum IAM 1667 was selected for the fermentation experiments.
Screening experiments. Slant cultures of bacteria were grown on a medium containing 1% glucose, 0.25% peptone, 0.25% meat extract (Difco), 0.25% yeast extract, and 0.5% sodium chloride. All organisms were grown for 24 h at their respective optimal temperatures for growth. The screening medium contained 0.2% L-histidine hydrochloride monohydrate, 0.1% yeast extract, 0.15% KHPO4, 0.05% KH2PO4, and 0.02% MgSO4.7H20. The medium was adjusted to pH 7.0 with NaOH, distributed in 3-ml amounts to test tubes, and sterilized. After inoculation with test organisms from the slant cultures, shaking incubation was carried out for 24 h at 30 C. To 1 ml of the culture broth obtained was added 1 ml of 6% L-histidine hydrochloride monohydrate adjusted to pH 9.0 with 5 N NaOH. The mixture was incubated for 24 h at 37 C.
Routine identification and rough quantitative estimation of the urocanic acids and amino acids formed were made by paper chromatography. The ascending method was used with Toyo filter paper no. 50 and n-butanol-acetic acid-water (4:1:1). After development, the chromatograms were sprayed with Pauly reagent or 0.2% ninhydrin in 80% ethanol.
Fermentation experiments. Unless otherwise noted, fermentation experiments for enzyme formation were carried out as follows. The respective media were distributed in 100-ml amounts to shaking flasks (500 ml), sterilized, and inoculated with one loopful of the selected organism. The cultures were incubated at 30 C for 24 No activity of L-histidine ammonia lyase was found in the filtered broth of A. liquidum.
The assay of histidine was carried out by a spectrophotofluorometric method using o-phthalaldehyde (17) .
Ammonia was assayed by the nesslerization method.
For the estimation of growth, the fermentation broth was diluted 1: 20 with saline, and otpical density was measured at 660 nm with a Hitachi photoelectric photometer model 101. Dried-cell weight was estimated from a standard curve which correlates optical density to weight of lyophilized cells.
RESULTS AND DISCUSSION
Screening experiments. Urocanic acid formation from L-histidine was observed in a considerable number of bacteria when the reaction mixtures were incubated for 24 h at 37 C (Table 1) . Marked accumulation was found among strains of the genera Achromobacter, Agrobacterium, Bacillus, Bacterium, Flavobacterium, Micrococcus, Pseudomonas, Sarcina, and Xanthomonas. .-Histidine ammonia lyase and urocanase activities were compared in the strains which produced high levels of urocanic acid ( Table 2) . Of the tested organisms, Achromobacter liquidum possessed the highest Lhistidine ammonia lyase activity and was used for the subsequent experiments.
Strains of genus Micrococcus had no urocanase activity (Table 2) ; therefore, urocanic acid would not be degraded further by these bacteria. Thus, conversion to urocanic acid of 100% of the L-histidine supplied to Micrococcus sp. is theoretically possible. In the genus Achromobacter, weak urocanase activities led to degradation of formed urocanic acid, and glutamate, which is a final product of the degradation pathway, was detected in the reaction mixture. The Achromobacter urocanase activity, however, could be destroyed by heat treatment without inactivation of L-histidine ammonia lyase, so strains of Achromobacter were used instead of Micrococcus for the production of urocanic acid.
A heat-treated and washed cell suspension of A. liquidum converted L-histidine to equimolar amounts of urocanic acid and ammonia.
Cultural conditions for formation of Lhistidine ammonia Iyase. To establish the most advantageous cultural conditions for the formation of L-histidine ammonia lyase, various conditions were investigated with A. liquidum IAM
1667
.
Among the carbon sources tested at a concen- (Fig. 1) . L-Histidine ammonia lyase was induced most effectively at an L-histidine concentration of 1% (Fig. 1) . When L-histidine was omitted from the medium, enzyme activity of 0.01 unit per ml of broth was obtained, indicating that low levels of the enzyme were produced constitutively. LHistidine at a concentration of less than 1% was enough to obtain high levels of the enzyme (Fig.  3) . The addition of 0.2% L-histidine at the final period of log phase induced the immediate increase of the enzyme, and at 16 h of induction time the same amount of the enzyme as the control culture was obtained.
In preliminary experiments, shaking cultures gave much higher enzyme activity than did stationary cultures. The effect of aeration was studied by varying the amount of media in the Maximal growth and enzyme formation were attained with less than 100 ml of medium in a 500-ml flask (Fig. 4) .
The effect of temperature was also studied at 25, 30, and 37 C. The optimal temperature for enzyme formation was 30 C. At 37 or 25 C, both growth and enzyme formation were inferior to those observed at 30 C.
Typical changes during fermentation. The data for a typical fermentation under optimal conditions are given in Fig. 5 . A 500-ml flask containing 100 ml of medium composed of 2% glucose, 0.2% yeast extract, 0.2% peptone, 0.2% L-histidine hydrochloride monohydrate, 0.2% urea, 0.2% KHPO4, 0.05% KH2PO4, 0.02% NaCl, 0.02% MgSO,.7H2O, 0.01% MnSO,44-6H2O, and 0.001% FeSO4.7H20 (pH 7.0) was inoculated with one loopful of the organism, and shaking incubation was carried out at 30 C. Enzyme formation started at the final period of Fig. 1 Conditions for the enzymatic formation of urocanic acid. The most advantageous conditions for the enzymatic conversion of L-histidine to urocanic acid by L-histidine ammonia lyase were investigated.
L-Histidine ammonia lyase of A. liquidum is heat stable, and urocanase of this bacteria is heat labile. Heat treatment of the broth at 70 C for 30 min completely inactivated urocanase and had no effect on L-histidine ammonia lyase (Fig. 6) . The slight increase of L-histidine am- monia lyase activity at the first 13 min of heating was ascribed to an increase in permeability of the cell membrane.
To obtain a greater increase in permeability of the cell membrane, the effects of various surfactants were examined. Of the tested surfactants, nonionic types showed no effect, but anionic, cationic, and amphotheric types were very effective. Among them, triethanolamine lauryl sulfate (TEALS) was most effective. None of the tested surfactants inhibited enzyme activity at a concentration of 0.02%. After the addition of TEALS to the reaction mixture at concentrations of 0.02 to 0.2%, the enzyme activity increased by about threefold (Fig. 7) .
The effects of pH and temperature on the enzymatic conversion of L-histidine to urocanic acid were investigated. Maximal activity was obtained at pH 9.0 and 60 C (Fig. 8) . At 60 C, however, the enzyme was gradually inactivated, and the conversion of 0.5 M L-histidine to urocanic acid was inferior at temperatures higher than 50 C (Fig. 9 ), whereas at temperatures lower than 40 C, the enzyme was stable for at least 10 days in the reaction mixtures. 
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Therefore, it is most advantageous to carry out the reaction at pH 9.0 and 40 C. Thus, the maximal enzyme activity, 1.92 units per ml of broth, observed in this reaction system is much higher than that previously reported in Pseudomonas fluorescens ATCC 11299b (16) , which showed an activity of 0.88 units per ml of medium. When the reaction mixture was agitated, the velocity of the enzymatic reaction appeared to be almost the same as that attained without agitation.
The initial velocity decreased at L-histidine concentrations higher than 0.5 M (Fig. 10) , and the percentage of conversion did not reach 100% when the level of L-histidine exceeded 0.8 M (Fig. 11) . Therefore, it is necessary to feed less than 0.8 M L-histidine.
Urocanic acid formation under optimal conditions. A typical bioconversion of L-histidine to urocanic acid is illustrated in Fig. 12 . I The incubation mixture contained 100 ml of the heat-treated broth cultured under optimal conditions as enzyme source, 33.6 g of L-histidine hydrochloride monohydrate, and 0.2 ml of 50% aqueous solution of TEALS to a final volume of 200 ml. The incubation mixture was adjusted to 50I-----pH 9.0 with 5 N NaOH and incubated at 40 C.
Urocanic acid increased linearly with the conversion of sumption of L-histidine. During the reaction, the pH was maintained at around 9, which is optimal for the enzymatic reaction. Yields of urocanic acid of over 90% from L-histidine were obtained. Amino acids and Pauly-positive compounds other than urocanic acid were not detected in the product by paper chromatography.
Simultaneous production of D-histidine and urocanic acid from DL-histidine. Since the L-histidine ammonia lyase of A. liquidum is specific for L-histidine, D-histidine and urocanic acid can be easily obtained from DL-histidine. Fig. 13 illustrates the typical reaction for the formation of urocanic acid and D-histidine from DL-histidine. The reaction conditions were the same as in the previous experiment, except that the concentration of DL-histidine was 0.24 M. The urocanic acid and D-histidine were isolated in high yields from the reaction mixture (Fig.  14) . 
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